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ABSTRACT 
Groundwater wells are often clogged by incrustation, which has a negative impact on well 
specific capacity. Chemical and biological incrustation formed by precipitation of minerals 
in the well reduces the open area of slots in the screen section, which leads to an efficiency 
reduction in wells. Incrustation conditions are observed in the geothermal energy wells 
located at Oslo airport, Gardermoen. Well yield capacity has declined since they were 
installed in 1997. There are eighteen energy wells; 9 wells on the cold side and 9 wells on 
the warm side. The ground source of heat pump, which is an open system, extracts heat 
from the ground by pumping ground water from production well to the heat pump. After the 
circulation in the system, the ground water used is injected into the injection well and flows 
through the aquifer again. Recently, one well from the cold wells was totally abandoned and 
it has been replaced by a new pilot well. A quantitative calculation with PHREEQC of 
saturation indices for formation- and borehole water has aided in the evaluation of several 
minerals. These results have been compared with formation mineralogy and crust samples 
from within the borehole.  
The results from geochemical modelling indicates that carbonate minerals such as calcite 
(CaCO3), aragonite (CaCO3), dolomite (CaMg(CO3)2), dolomite-ord (CaMg(CO3)2), and 
rhodochrosite (MnCO3), have the  potential to precipitate in the wells. However, the crust 
analyses showed that only calcium carbonates were found. Furthermore, the elevated 
percentage of inorganic carbon in the crust samples supports evidence of carbonate mineral 
precipitation. In addition, the reduction of ferrous iron (Fe
++
) concentration, as the flow of 
formation water approaches production wells, as well as the relatively high percentage of 
iron in the crust samples are all indicative of Fe (III) oxide minerals precipitation. An 
increased content of organic carbon in the crust samples compared with aquifer material 
indicates microbiological activity in the formation of the crust.  The disturbance of chemical 
equilibrium due to pumping, which leads to pressure reduction allows the release of gases 
from the formation water, resulting in precipitation of calcium carbonate in the wells. 
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1. INTRODUCTION  
The two common uses of geothermal resources are direct space heating and the generation of 
electricity. Geothermal energy has been commercially available for the last eighty years and 
it has been utilized for large scale production the past four decades (Fridleifsson, 2001). As 
an investigation revealed (Fridleifsson, 2001), the amount of direct use of the geothermal 
energy is 53TWh/a and 49 TWh/a for electricity. Since 2000, the geothermal resources have 
been utilized in 58 countries while the potential of the resources have been identified in about 
80 countries (Fridleifsson, 2001). Geothermal energy is becoming one of the fastest growing 
renewable energy sources in the globe, with annual increase of 10% in about thirty countries 
for the past ten years (Curtis et al., 2005). 
Basically, geothermal systems can be categorized either as open loop and closed loop.  Open 
loop system operates by drawing water from an aquifer, and leads it through heat pumps 
where heat is released when it passes through a heat exchanger.  The water, which released 
heat, is pumped again into the aquifer through an injection well. In a closed loop system, 
fluid is circulated through one loop or multiple loops installed below the ground surface 
(Omer, 2008).  
The main heat sources of the planet Earth are categorized into :(1) heat remaining from when 
the planet was formed;(2) heat released from decaying radioactive elements; (3) heat 
generated from the friction caused by denser core material when it sinks towards the centre of 
the planet and (4) solar energy  from the sun. 
In order to utilize this resource, there must be a mechanism by which heat is transferred from 
the deeper part to the subsurface. The transference of this heat is performed by two 
mechanisms, i.e. by conduction and convection. Conduction is the transfer of heat between 
solids which are in contact with each other, while convection is the transfer of heat by 
circulation of liquid and gas. The part of precipitation which percolates down to the 
subsurface is heated due to contact with the hot bed rock (the rock heated by high 
temperature coming from the interior of the earth), and flows upwards again due to a reduced 
density and heats the aquifer.  
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 In Norway, about 20 % of  the electric demand is for space heating (Midttømme et al., 2010) 
According to the Geological Survey of Norway (Midttømme, 2005), the energy policy of 
Norway is focusing on improving energy efficiency, finding alternative energy sources, 
minimizing the dependence on electric power supply for space heating and increasing the 
share of renewable energy. This policy points towards geothermal energy as an alternative 
energy source in addition to hydropower. 
 
In Norway, hydropower electricity is the main source of energy for space heating and it 
covers 85% of the commercial and 90% of the residential demand as well as service 
buildings. According to the report (Midttømme, 2005), Norway is approaching the limit of 
hydropower that can be developed with acceptable environmental friendly condition. 
 
This condition will enforce the country to look for alternatives to meet the space heating 
demand which is ever increasing in cold climate regions. One of the options is to focus on the 
geothermal energy that can be utilized and become cost effective in the long run. 
The three main advantages of geothermal energy are: (1) It is a renewable energy ;(2) a large 
amount of power can be produced by small consumption of electric power; and (3) the 
negative  impact of using this energy is insignificant on the climate condition.  
 
The largest Norwegian ground source heat pump (GSHP) is installed on the largest ground 
water reservoir (aquifer) in Norway at Oslo airport, Gardermoen, and it is serving the airport 
as a source of energy for space heating.  
 
1.1. Problems with effects of open geothermal heat systems 
Geothermal energy by GSHP-open systems is extracted heat from the ground by pumping 
ground water from energy wells to a heat pump. After the circulation in the system, the 
ground water used is injected into the injection well and flows into aquifer again (See fig. 
1.1). 
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Figure 1. 1: The circulation of water in geothermal energy production system.  
 
Open systems wells are often clogged by the formation of incrustation, which has a negative 
impact on their performance (Houben, 2003). Chemical and biological incrustation formed by 
precipitation in the well reduces the opening area of the screen section, which leads to the 
reduction of the efficiency of wells during pumping due to head loss. In fact, the clogging of 
wells which affects yield capacity is not only caused by incrustation, but also due to the 
introduction of fine formation particles into the screen section. The precipitation of minerals 
seriously affects the efficiency of wells, piezometers, drains, and all other installation 
exposed to reduced ground water (Houben, 2003). When the screen section is clogged with 
precipitation of minerals, the amount of water which flows through aquifer in to a well 
declines and the amount of well capacity decreases.  
 
 The distribution of incrustation found in a well is not uniform. The screen sections are more 
incrusted than blind sections. As many investigations revealed, inhomogeneous distribution 
of incrustation is observed inside wells. Chemical precipitation of minerals is found in the 
screen part of wells compared to the other part, and one side of the screen is often more 
encrusted than the other (Houben and Weihe, 2010). 
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1.2. Objectives  
Incrustation conditions are observed in the energy wells located at Oslo airport, Gardermoen. 
Well yield capacity is not as expected, and has declined since they were installed.  The yield 
capacities of the wells are decreasing to approximately half of their capacity over 4 year 
periods in both warm and cold wells, necessitating well rehabilitation. Recently, one well 
from the cold wells is totally abandoned and it has been replaced by a new pilot well. Camera 
inspection taken from some wells indicates the existence of incrustation in both cold and 
warm wells. The incrustation formed in the warm side appears to be slime globs which are 
attached together, while in both warm and cold wells patches of incrustation are responsible 
for decreasing yield capacity in the wells. 
As clearly shown in (table 1.1), the specific yield of the wells from both cold and worm side 
wells declined between 1996 and 2000.  
Table 1. 1: The specific capacity in 1996 and 2000 of wells located at Gardermoen (OSL 
report, 2001). 
Well 
no 
cold  
side 
Tranismissivity  
(m
2
/s) 
Specific 
capacity 
in 2000 
(m
3
/s) 
Specific 
capacity 
in 1996 
(m
3
/s) 
Well 
no 
warm 
side 
Tranismissivity 
(m
2
/s) 
Specific 
capacity 
in 2000 
(m
3
/s) 
Specific 
capacity 
in 1996 
(m
3
/s) 
C1 2.60E-03          - 7.60E-04 W10 2.80E-03 1.20E-03 3.00E-03 
C2 8.60E-03         - 1.30E-03 W11 4.00E-03 1.30E-03 2.50E-03 
C3 1.60E-02        - 1.80E-03 W 12 3.60E-03 3.10E-03 4.10E-03 
C4 6.70E-03 1.50E-03 5.50E-03 W 13 2.40E-03 1.50E-03 3.20E-03 
C5 7.80E-03 1.60E-03 5.10E-03 W 14 4.20E-03 1.40E-03 4.30E-03 
C6 1.00E-02 2.60E-03 3.90E-03 W 15 9.10E-03         -  2.20E-03 
C7 2.30E-02       - 4.20E-03 W 16 3.50E-03 1.90E-03 2.30E-03 
 
The decline of specific yield creates an interest to study the cause and how the efficiency of 
wells decrease. Since the wells are located in the largest aquifer of Norway, it is believed that 
there is sufficient amount of ground water. Tranismissivity is rate at which groundwater 
flows through cross sectional area of an aquifer while specific capacity is defined as the well 
production per unit decline in head.  
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Measured difference between water level inside and outside borehole indicates that the screen 
is clogged. Filming of screen also shows incrustation of screen. Therefore, the main factor for 
the decline of the well capacity will most probably be the chemical and biological processes 
that have been taking place in the wells, especially in the screen part of the wells. 
        The main objectives of this study are: 
1. To identify the type of chemical reaction processes that can clog the screen slots and 
reduce the well efficiency. 
2. To compare and identify the most responsible minerals and solids which clog the wells 
using PHREEQC. 
3. To identify changes in pumping activity and borehole design which would benefits 
borehole capacity. 
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2. THE STUDY AREA 
The study area is situated at Oslo Airport Gardermoen, which is located on the largest 
unconfined aquifer in Norway. The airport is constructed above the aquifer, composed of 
galciofluvial sand and gravel which is partly underlain by glaciomarine deposits (Jørgensen 
and østmo, 1990).                                                     
 
                                                                   
              
    
 
 
 
 
 
 
 
Figure 2. 1:  Location of Oslo Airport Gardermoen, Norway. 
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2.1. System of energy wells at Gardermoen 
The energy wells located at Gardermoen are constructed for direct heating purpose, combined 
with heat pump and came into operation in 1997. Currently, there are eighteen (18) energy 
wells; 9 wells on the cold side and 9 wells on the warm side. The depths of the wells range 
from 39m to 45m. At the beginning of operation, the specific capacities of the wells were 
between 5.5x10
-3
m
3
/s and 7.6x10
-4
m
3
/s. There is a 180m distances between the cold side and 
warm side wells. Furthermore, there is about 50m distances between each well on the cold 
side as well as on the warm side. 
 
Figure 2. 2: Schematic depiction of geothermal energy system at Gardermoen (Eggen  and  
Vangsnes, 2005). 
 
These two separate sides help for heat exchange processes during summer and winter. The 
warm side wells pump out hot water during winter, and the water releases heat when it passes 
through the system due to conduction. The temperature of the water decreases after the 
release of its heat and the water is injected back to the cold side wells.  
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In the case of cold side wells, the cold water is pumped from the wells during summer to cool 
the space and gets warm when it circulates in the system. It is then injected to the warm side. 
The injected water flows through aquifer again, heating or cooling the formation matrix. 
 
                                 
                                                         Warm side wells                                          Cold side wells 
 
Figure 2. 3: Location of energy wells at Gardermoen. 
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2.2. Geology  
The ice contact Gardermoen delta, formerly called Hauerseter delta, is about 40km far in the 
north east of Oslo (Tuttle, 1997). The delta deposit in the Romerike area extended 
approximately 50 km to the North-South, and it is directly deposited up on the Precambrian 
basement (Tuttle & Aagaard, 1996). 
The investigation of carbon dating pollen analysis (Longva & Thorsen, 1989) has shown that 
the sediment in the area has the age of 9500 years. The Precambrian underlying bedrock is 
composed of gneisses, granite, and pegmatite (Longva, 1987).  
 
Figure 2. 4: Gardermoen delta deposit with location of the airport (modified from Jørgensen 
and østmo, 1990). 
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Different techniques such as ground penetrating radar (GPR), gravel-pit out crop and core 
drilling indicate that the deposition of sediment in the area is stratigraphically divided in to 
three units; i.e. Top set, Foreset and Bottom set delta units.  
2.2.1. Delta top set 
The top set is the thinnest unit in comparison to the foreset and bottom set. It consists mainly 
of coarse material (gravel and sand), but also some finer material at the channel backfill or 
over bank deposits (Nils-Otto Kitterød, 2008). The thickness of the delta deposit indicates 
variation in Li delta and Trandum delta. For instance, in the Li delta side near ice contact, the 
top set unit is 16m thick, while the unit is 15m thick at Trandum delta at about 300m from the 
ice contact (Tuttle, 1997). Gravel which is rich in boulder is commonly found in the unit. 
The delta plain of the medial zone has a thickness varying in between 0.1 to 0.5m, and it is 
characterized by shallower channels and lower discharges (Tuttle, 1997). The eastern side of 
Trandum delta, which is the ice contact delta, is thicker than the western part (delta front). 
The coarse sandy facies of the top set is commonly stratified as parallel plane, except some 
indication of cross-stratification. In general, the topset is well bedded, and its thickness varies 
depending on the distance from the main glacial portal (Tuttle, 1997). 
 
2.2.2. Delta foreset 
 Unconformity which is the consequence of erosion is observed in between the top set and 
foreset (Tuttle, 1997). This unconformity also indicates that there was a time gap between the 
deposition of top set and bottom set units. According to Tuttle (1997), the deep laying of the 
unconformity by more than 6m below the sea level is an indication of strong incision in the 
ice proximal part of the fluvial system. The foreset unit is characterized by more 
homogeneity than the topset, and comprises of laminas of fine sand dipping with an angle of 
15–30° to the horizontal plane. About 95 % volume of the foreset is fine sand with some 
lenses of sandy silt, and the rest 5% volume is gravel and sand with pebble and cobble (Nils-
Otto Kitterød, 2008). The variation in grain size of this unit is less than that of the top set. Its 
geometry is believed to be influenced by melting water which forms channel, bed rock or by 
the blocks of ice left during degalciation (Tuttle, 1997). 
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2.2.3. Delta bottom set 
Data is not available to adequately describe the bottom set unit.  However, the bottom unit 
mainly consists of fine grained formation such as silty, fine sand and clayey sediment and 
thin beds of coarser grained sediments. The fine grained sediment deposited from suspension 
while the random coarser beds are deposited by gravity mass transport (Tuttle, 1997). 
 
Figure 2. 5: Cross section of Gardermoen delta, Trandum sub-delta (modified after Tuttle, 
1997). 
 
2.3. Mineral composition of the sediments 
The formation of the area is mainly dominated by sand underlain by silt and clay bearing 
sediment. According to Jørgensen and østmo (1990), bulk samples collected at different 
depth up to 50 were chemically analyzed by using X-ray diffraction and microscope. The 
result obtained from the analysis of silicate minerals were presented in Table 2.1. 
Table 2. 1: Mineral composition samples in percent from Gardermoen (Jørgensen and østmo, 
1990). 
Amphibolite Chlorite    Biotite Muscovite  K-feldspar Plagioclase   Quartz  
2 7 2 13 18 8 50 
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2.4. Hydrogeology  
Following the last deglaciation, ground water table was expected to be located near the 
surface. Due to the isostatic rebound (up lift of the formation), after the ice retreated, the 
surface of the sandy sediment was lifted up (Jørgensen and østmo, 1990), and as a result, the 
ground water table declined.  
However, the ground water level was increased and approached the surface due to additional 
melting of water. The degalciation of Scandinavia is the cause for the formation of 
glaciofluvial deposits (Jørgensen and østmo, 1990). 
According to Longva (1987), the displacement along the shore line was estimated at 0.17m/y 
right after the degalciation, and it decreased to 0.12m/y during 9000 years ago. The up lift of 
the area due to isostatic decreased through time, and the ground water table mainly became 
dependent on the landslide and recharge of the area (Basberg et al., 1998). 
Gardermoen aquifer is a pheratic aquifer recharged by direct rainfall. The ground water table 
of the area varies from a few meters depth at groundwater divide and 30m in distal areas 
(Basberg et al., 1998). The hydraulic conductivity of the formation highly varying due to the 
wide range in grain sizes, which is from clay particles to boulders greater than 1 meter 
(Tuttle, 1997).  
Tuttle (1990) stated that the ground water level varies with the amount of precipitation. The 
ground water level becomes very high during the snow melt season, i.e. in spring. The ground 
water table also varies from one area to another and it can be seen on the water surface where 
there are kettle holes lakes. The presences of semi-pervious sediments force to separate 
several lakes level from the ground water table, which results in hanging lake levels (Tuttle & 
Aagaard, 1997). 
 
Jørgensen & Østmo (1990) stated that about 80% of the groundwater drain in towards the 
north-east in to the lake Hersjøen and river Risa . The drainage pattern in the area is divided 
into three sections; an area of 55 km
2
 is draining to river Risa and lake Hersjøen from the 
east, 32 km
2
 to the river Leira in the southwest and 18km2 flows to lake Hurdalssjøen from 
the North (Tuttle, 1990). The flow pattern indicated by Jørgensen and østmo (1990), can 
clearly indicate the ground water divide and the direction of flow. 
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Figure 2. 6: Ground water flow pattern of Gardermoen (study area) before airport 
construction (modified after Jørgensen and østmo, 1990). 
2.5. Groundwater chemistry 
Geologic formation is a key for water chemistry of a given area. The type of sediment source 
and depositional environment can determine the abundance of natural electrons acceptors and 
donors in the subsurface (McMahon and Chapelle, 2008).  
In Gardermoen, after the ice retreated during the last glaciation, the surface of the sandy 
sediment was lifted above sea level and chemical weathering started to take place (Jørgensen 
et al., 1991). In the Gardermoen aquifer, the importance of chemical composition change that 
occurred due to the flow of water through the aquifer is studied in relation to the Risa river. 
The river is almost entirely fed by ground water and has a fairly stable discharge with almost 
constant chemical composition throughout the year (Jørgensen et al., 1991). However, 
chemical composition of inflow and outflow of the ground water indicated different results.  
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Jørgensen et al. (1991) suggested that the difference is due to the chemical process that takes 
place during the flow of water through the aquifer. 
 
2.6. Important geochemical process at Gardermoen aquifer 
The water chemistry of Gardermoen is determined by the mineral composition of the aquifer. 
The ground water in Gardermoen aquifer indicates changes in water chemistry as it 
percolates down through the aquifer. This is due to the different chemical processes in the 
aquifer. There are important chemical processes that take place in the aquifer. Jørgensen et al. 
(1991) suggested that the main geochemical processes which cause changes in chemical 
composition of water are calcite dissolution, pyrite oxidation, and silicate weathering. 
2.6.1. Pyrite oxidation  
Pyrite oxidation is one of the main chemical processes at Gardermoen aquifer. According to 
Tuttle (1990) also mentioned that there is iron oxide deposit overlained by fine grain size 
formation at Gardermoen area.   
Due to this oxidation process, the total output of sulfur is greater than the input.  There are 
some pictures which clearly indicate that the area is rich in iron oxide (see Figure 2.7 and 
Figure 2.8). The reaction process will be discussed in detail in chapter three. 
 
 
 
 
 
 
 
Figure 2.7: Iron oxide layer in clast supported cobble rich deposit (Tuttle, 1990). 
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Figure 2. 8: Iron oxide layer in the fine grained deposit (Tuttle, 1990). 
 
2.6.2. Calcite dissolution 
Acidic water which percolates through the upper unsaturated soil is responsible for the 
dissolution of calcite and it results in Ca
2+
, Mg
2+
 and HCO3
- 
(Jørgensen et al., 1991). Due to 
the dissolution process, the amount of Ca
2+
, Mg
2+
 and HCO3
-
 in the formation automatically 
increases in solution.
 
According to Plummer et al (1978) the dissolution takes place in three reactions 
simultaneously. 
CaCO3 + H
+ = Ca2+ + HCO3
-
                            1 
CaCO3 +H2 CO3
0 =Ca 2+ + 2HCO3
-   and        2 
CaCO3 + H2O = Ca
2+ + HCO3− + OH
-                3           
From the above reactions, reaction number 2 is the most important process since it composes 
large production of calcite dissolution (Jørgensen et al., 1991). 
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Figure  2. 9: Observed sediment concentrations plot form (Basberg et al., 1998; data from 
Moreppen II after Dagestad, 1998 and from Nordmoen after Jørgensen et al., (1991). 
 
The concentration of pyrite and calcite in Gardermoen aquifer with depth of formation is 
shown in (fig 2.9). The calcite and pyrite were observed a few meters below the surface.  The 
pyrite oxidation and calcite dissolution processes takes place below the ground water table in 
the aquifer. However, the increasing trend of pyrite and calcite concentration in the formation 
found around Moreppen area is different from Nordemoen.    
2.6.3  Silicate weathering                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
 Pyrite oxidation releases protons during the reaction and the protons are consumed in silicate 
weathering. The outputs Ca
2+
, Mg
2+
 and HCO3
-
 are because of carbonate dissolution, while 
Na
+
 and K
+
 are due to silicate weathering (Jørgensen et al., 1991). 
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3. THEORY 
3.1. Incrustation in wells  
The chemistry of water is governed by the presence of minerals around the source of water. 
Due to this fact, in order to find iron incrustation in wells, minerals such as pyrite (FeS2) 
should be present and react with oxygen. Recently, the most common explained reason for 
the decrease of well performance is incrustation in the well screen and clogging of particles 
near the entrance of the well (Larroque and Franceschi, 2010). This incrustation caused by 
chemical precipitation of minerals in oxic environment. Encrustation can occur in the screen 
section of pipe, gravel pack or in the formation itself (Banks et al., 1993). The two 
fundamental processes for the development of encrustation in water wells are chemical and 
biological processes. 
3.2. Incrustation by chemical process 
3.2.1. Pyrite oxidation 
In oxic environment near the phreatic surface of the aquifer, pyrite is thermodynamically 
unstable and this plays a great role in geochemical cycle of iron and sulfur due to oxidation 
process (Schoonen et al., 2000). In sulfide ore deposits, pyrite (FeS2) is found more abundant 
than other sulfide ore deposits, and  it is distributed  in  different  geological settings such as 
igneous, sedimentary and hydrothermal deposits (Demoisson et al., 2007). 
 Pyrite oxidation is a common source of iron for chemical incrustation in the screen section of 
wells wherever there is pyrite minerals observed in addition to the necessary conditions for 
the oxidation process. 
Pyrite oxidation and other metal-sulfide minerals oxidation have a great effect on the 
environment, and it results in acid mine drainage (Appelo and Postma, 2005).  The reaction 
acts as source of sulfate and iron in groundwater. The amount of sulfate and iron in 
groundwater can be correlated with amount of pyrite oxidation.  
The reaction of dissolved ferrous iron with oxygen will lead to the formation of ferric iron, 
which finally precipitates as iron oxide/hydroxide (Stumm and Morgan, 1996). The most 
important conditions are the availability of dissolved oxygen and pH.  
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The following reactions describe the process of pyrite oxidation and precipitation of iron 
hydroxides (Appelo and Postma, 2005).     
  
FeS2 + 7/2O2 + H2O = Fe
2+
 +2SO4
2-
 + 2H
+
                                                                  (3.1) 
Fe
2+
 + 1/4O2 + H
+→ Fe3+ + 1/2H2O                                                                             (3.2)                    
Fe
3+
 + 3H2O →Fe (OH)3 + 3H
+
                                                                                 ( 3.3) 
 Fe
3+
 + 2H2O→ FeOOH + 3H
+                                                                                                  
(3.4) 
Field studies show that sulfate is the dominant product of pyrite oxidation (Appelo and 
Postma, 2005).   
3.3. Factors affecting chemical precipitation in wells 
3.3.1. pH 
In the case of solubility, the dissolved iron is highly dependent upon pH (Basberg et al., 
1998). With a rise in pH, sorption of ferrous iron (precipitation of ferric iron) also increases. 
As a consequence, the concentration of ferrous iron declines, while the reaction rate increases 
due to the rise in pH. 
According to the Figure 3.1, the oxidation rate of ferrous iron is first order with respect to 
iron and second order with respect to hydroxyl ion concentration.  
Stumm and Lee (1961) stated that the oxygenation rate of ferrous iron increases or decreases 
according to the constituents found in the natural water. 
 
 
 
 
 
 
 
Figure 3. 1: Oxidation rate of ferrous iron as a function of pH (Morgan & Lahav, 2007). 
 19 
 
The oxidation rate of ferrous iron is thus also proportional to the concentration of Fe (II), and 
it is highly influenced by pH. The higher the concentration of ferrous iron in a given solution 
is the higher the rate of oxidation.  
Figure 3.2, clearly shows the extent to which the oxidation rate of iron depends on pH.        
At pH 4 or below, the impact of pH on the reaction is insignificant or zero, while pH value 
near 7 highly affects the rate of reaction. 
 
 
 
 
 
 
 
Figure 3. 2: Oxygenation rate of ferrous as function of pH value at constant pressure 
(Morgan & Lahav, 2007). 
 
pH in relation to saturation indices 
The saturation index is defined as: 
SI =log (IAP)/Keq 
Where IAP is the ion activity product, and Keq is the equilibrium constant.  
An SI greater than 0 indicates that the mineral phase would precipitate from the groundwater, 
and SI less than 0 indicates that the mineral phase will dissolve in the groundwater and SI of 
0 indicates that the groundwater is in equilibrium with the mineral phase. 
 In other words, SI below 0 indicates that the compound is undersaturated, while SI above 0 
indicates supersaturation conditions.  
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Iron oxidation Kinetics 
The rate at which ferrous iron is oxidized in groundwater is highly dependent on pH and 
dissolved oxygen concentration (Donald, 1997). 
The half time oxidation can be estimated using the following equation (Applin and Zhao, 1989). 
t1/2 =0.693/(k pO2 [OH-]2)                                                                                        (3.1) 
 where   t1/2  is the half time of iron oxidation  
              pO2 is partial pressure of oxygen 
              [OH-] is concentration of hydroxyl ions and  
              k is the rate constant. 
 
The above equation shows that the rate of iron oxidation is first order with respect to 
dissolved oxygen and negative second order with respect to pH (Donald, 1997). This means 
that the reaction would be expected to take place faster at higher value of pH and high 
dissolved oxygen. However, pH value has greater impact than dissolved oxygen.  
 
 
Figure 3. 3: Half life reaction rate for ferrous iron oxidation reaction, modified after Houben 
(2004). 
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The half time is inversely proportional to [OH
-
]
2
 and it decreases by two order of magnitude 
when pH values increase in one unit (Applin and Zhao, 1989). The precipitation of ferrous 
iron oxide occurs preferentially on the surface of pre-existing solid iron oxide (Houben and 
Treskatis, 2007). The precipitation of iron ferrous at the presence of solid iron oxide is 
referred as heterogeneous reaction while only dissolved ferrous iron oxidation at the absence 
of solid ferric oxide is stated as homogenous reaction. The presence of solid iron oxide shows 
catalytic effect which enhances the reaction of dissolved ferrous iron. Due to this effect, the 
heterogeneous reaction is faster than the homogenous reaction (Houben and Treskatis, 2007).  
3.3.2. Oxygen content 
Oxygen consumption which occurs in soil is continuously supplied by oxygenated water or 
air that is transported through permeable formation. According to Appelo and Postma (2005), 
there is no significant oxygen reduction in the upper few meter of saturated zone while it is 
highly consumed when it enters anoxic environment. Oxygen consumption is dependent on 
the availability of reduced substance.  
In some environments, where there is no reduced substance, oxygen can travel a long 
distance through the formation. Oxygen concentration also affects the rate at which iron 
bearing minerals or other minerals is oxidized (e.g  pyrite).   
At concentration where O2 is low, a strong increase in the rate of pyrite oxidation is observed, 
while the effect decreases towards higher O2 concentration (Appelo and Postma, 2005). This 
can be explained as an effect of saturation. When the oxygen supply increase the surface of 
pyrite become saturated which results rate of pyrite oxidation decrease. In general, oxygen 
plays an important role regarding oxidation process in a given aquifer system (See fig 3.4).  
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Figure 3. 4: The rate of pyrite oxidation as a function of oxygen concentration near neutral 
pH (after Nicholsen et al., 1988). 
 
3.3.3. Permeability of the formation 
 
Permeability influences the amount of incrustation that can be formed during the flow of 
water into wells. According to Howsam (1988), the encountering of aerobic/anaerobic 
interface and increasing of water velocity leads to enhanced deposition of encrustation.  
 
When high percentage of water flows into wells, there will be high dissolved iron load around 
wells. This will lead to the accumulation of iron oxide close to wells. Due to this fact, coarse 
formations which have high capacity to inlet water flow exhibit more chance than finer 
formations for the accumulation. Houben (2006) showed that the flow of direction has an 
impact on deposition amount which is indirectly related to the permeability of formation. 
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3.3.4. Residence time 
The age of water increases generally with depth of the aquifer. The residence time of water in 
the aquifer determines the accumulation amount of chemical precipitation. 
The more time provided in the aquifer, the more the chemical incrustation that occurs.  
Applin and Zhao (1989) are the first to apply (Eq 3.1) into the concept of encrustation in 
wells. The equation implies that pH and residence time has a great role on the precipitation of 
iron (III). The oxidation process of ferrous iron needs sufficient time to take place before the 
water is extracted from well. Therefore, oxidation process of ferrous iron is influenced by the 
resident time of water in wells. 
3.3.5.  Temperature effect 
 Temperature is one of the factors that affect chemical reaction. Morgan and Lahav (2007) 
stated that temperature as a factor which can affect the oxidation of ferrous iron.   
(Schoonen.et al., 2000) also stated that an increasing temperature enhance the oxidation of 
minerals.  
3.3.6. Pumping and pressure effect 
Pumping needed to withdraw water for the designed purpose. The abstraction of water will 
let the flow of more water into the direction of wells, according to pressure difference in 
wells. As a result, the chemical equilibrium reached will be disturbed, and this activates 
chemical reaction in the well.   The process of withdrawing water from well is not only 
damage  pumping installations, but it also induces important modifications to the physical 
and the chemical equilibrium of the water within the aquifer near the well, which leads to 
scale deposition (Larroque and Franceschi, 2010). 
 
 Pumping of water from wells is a major factor for the circulation of oxygen from shallow 
depth to the deeper parts of wells. Usually, the deeper part of aquifers constitutes a reducing 
environment, while the shallow part is referred to as an oxidized environment. Due to this 
reason, the deeper part is rich in iron and deficient in oxygen (Houben and Weihe, 2010). 
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3.4.  Biological incrustation  
The presence of reduced iron and manganese in water is of major important for the 
availability of iron and manganese bacteria. In well industry, the most frequently described 
cause of bacterial degradation of well performance is iron bacteria (Smith and Tuovinen, 
1985) .The decline of well capacity related to iron is also caused by growth of bacteria on 
well screens and surrounding geologic environment (Donald, 1997).  
The common bacteria which are responsible in well clogging are Gallionella ferruginea, 
Leptothrix, Ochracea, Sphaerotilus natans, Crenothrix polyspora, Clonothrix and fusca 
(Howsam, 1988). 
 However, all these bacteria are not common in groundwater. From the listed types of 
bacteria, Gallionella and Leptothrix are the most common in the groundwater environment 
(Houben, 2003). Bacteria need some elements in order to survive and they are supplied by 
movement of water (Howsam, 1988). Naturally, iron bacteria grow where groundwater seeps 
to the surface and wet lands are found. Similar conditions can occur where there are water 
wells and the presence of oxygenated groundwater mixed with anoxic groundwater 
containing ferrous iron (Donald, 1997). Iron bacteria needs favorable conditions in order to 
grow in the water environment.  Water well which is highly rich in nutrients are usually 
affected by microbial slime deposits (Houben and Treskatis, 2007).  
Well drawdown also induces favorable conditions for bacterial growth because of oxygenated 
water mixed with Fe rich water near well screen in reduced environment (Donald, 1997). 
According to Howsam (1988), bacteria mainly generate their energy for metabolism by the 
oxidizing of ferrous iron into ferric and they gain a small amount of energy by utilizing large 
amounts of ferrous iron. According to Houben and Treskatis (2007), about 11.2g iron 
(FeOOH) precipitation is needed to produce 1g of biomass (CH2O). 
The solubility of iron is also influenced by the presence of bacteria and the metabolic activity 
(Smith and Tuovinen, 1985). Biofilms of iron bacterial changes the chemistry of water by 
increasing pH and removing iron, manganese and sulphate (Donald 1997). 
Biological incrustation exhibits age hardening effects and transforms in to a hard brittle 
incrustation through time, which makes it difficult to identify as a biological effect (Howsam, 
1988).  In some cases, bacteria form a dominant feature of the clogging process, as they act as 
catalyst (Howsam, 1988).  
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3.5. Distribution of incrustation in wells 
Many field observations such as camera inspection show that incrustation is not distributed 
uniformly in the wells (Houben, 2006). Incrustation is observed on the screen part of wells 
rather than the blind part.  
As the distance increases from the screen part, the accumulation will diminish. Different 
investigations show that incrustations in wells seem to dominate in the upper section of the 
well screen due to high flow velocity (Houben and Weihe, 2010). 
In most cases, the lower part of the aquifer is observed as reducing environment and 
characterized by oxygen shortage, while the upper part of the aquifer is an oxidized 
environment. The above case can be reversed, if the lower formation is more oxygenated than 
the above layer where the infiltration is not directly above the aquifer (confined aquifer).  
The direction of water flow influences the amount of precipitation on screen section.      
According to Houben (2006), the screen part of pipe facing to the flow direction is more 
encrusted than that opposite to the flow direction. 
 
 
     
 
 
 
 
 
 
 
 
 
Figure 3. 5: Spatial distribution of incrustation (Houben, 2006). 
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3.6. Removal of incrustation 
It is advantageous to device methods to prevent wells from incrustation in order to maintain 
the maximum yield of wells by restricting oxygen and nutrient supply (Howsam, 1988). Even 
though, removal of incrustation increases yield of wells, it is difficult to remove incrustation 
completely. Therefore, incomplete removal is common during rehabilitation of wells.  
When incomplete removal of incrustation occurs, there will be a formation of large surface 
area in which ferrous oxidation will take place. Due to this reason, rehabilitation by 
incomplete removal often results in fast loss of yield (Houben, 2004). 
 
        Figure 3. 6: Well yield as a function of time (Houben, 2004). 
 
3.7. Mechanical rehabilitation 
Mechanical rehabilitation is a technique in which solid minerals are removed from wells. There 
are different types of mechanical techniques such as surge block, jetting, intense pumping and 
brushing (Houben and Treskatis, 2007). Even though it helps the well to regain the yield, it 
may create problems in the screen section. Houben and Treskatis (2007) mentioned that 
mechanical rehabilitation exerts a certain amount of force which may in turn damage the 
screen casing.   
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Figure 3. 7: Brushing of wells with different screen slot arrangement (from Houben and 
Treskatis, 2007). 
3.8. Chemical rehabilitation 
The main objective of chemical treatment of wells is to change the solid material 
(incrustation) into a liquid constituent form (Houben and Treskatis, 2007). Incrustations 
caused by carbonate, iron and manganese contain compounds that are often susceptible to 
dissolution by acid (Banks et al., 1993). 
 
3.8.1. Acidisation 
Acidisation, which is an injection of acid into wells, usually serves to treat wells in order to 
regain their yield. Different types of acid have been used in well acidisation, such as 
hydrochloric, nitric, sulphuric and phosphoric.  
Hydrochloric acid is recognized as the most common acid for different chemical aid 
processes. This acid is favored for chemical well rehabilitation because of its efficiency, 
chemical stability and cost effectiveness (Houben and Treskatis, 2007). From these acids, 
nitric and phosphoric acids are rarely used for acidisation purpose because of their cost and 
potential to contribute nitrate and phosphate ions, which are nutrients for bacterial growth 
(Houben and treskatis, 2007). 
 
Fe3+(OH-)3 +3H
+
(aq) + 3Cl
- →Fe3+ +3Cl- +3H2O ...........................................(3.5)   
 
Even if it is difficult to characterize improvement of well efficiency by a single parameter, it 
is possible to compare the drawdown before and after acidisation (Banks et al., 1993). 
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Field evaluation of the acidisation process involves different methods to evaluate the 
effectiveness of acidisation. According to Banks et al. (1993), pumping test can be used;  
1) To evaluate the increase in specific capacity achieved by acidisation (yield/drawdown 
plots), and                                                                                                                                   
 2)  to investigate the hydraulic effect of acidisation (drawdown/time plots). 
 
 
Figure 3. 8: Drawdown  vs. time curve for an acidised borehole (Banks et al., 1993). 
 
Van Beek (1989) has shown that, it would be better to treat water well before the specific 
capacity dropped below 50 % of the original yield, and to do so, regular measurement of 
drawdown or specific capacity is needed. 
Rehabilitation of wells at the right time is necessary; because slightly clogged wells are not as 
difficult as badly clogged wells to remediate (Van Beek, 1989; Houben and Treskatis, 2007). 
3.9. Pasteurization  
Pasteurization can be undertaken by injecting steam or hot water into the incrusted well.       
In order to kill the bacteria, the temperature in the well needs to be raised to about 60 
0
C and 
should be maintained for at least 30 minutes to confirm that the bacteria have been terminated 
(Howsam, 1988). 
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In general, acid cleaning is more efficient in cleaning chemically facilitated incrustment than 
bacterial deposit. However, in order to be more efficient in removing incrustation, chemical 
cleaning should be proceeded by mechanical cleaning (Videla, 2002; Van beek, 1989). 
 In addition to this, Houben and Terskatis (2007) suggested that mechanical rehabilitation 
before and after chemical rehabilitation is the best approach to regain maximum yield from 
the rehabilitation process. 
From his experiments, Houben (2001) found that chemical rehabilitation has a capacity to 
regain more than 50% of the original yield. Therefore, one can expect a combination of 
mechanical and chemical technique is better than using only the chemical approach.  
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4.  MATERIALS AND METHODS 
4.1. Water and crust samples 
 The samples included in this thesis work were collected in 2009 and 2011 from Gardermoen 
geothermal wells. As mentioned in the introduction, of eighteen wells, 9 are located on the 
cold side while the remaining 9 are located on the warm side. Sample collection and 
laboratory results by X-ray diffraction (XRD) and Atomic absorption spectrophotometer 
(AAS 300) of crust samples of well No.7 are carried out in 2009. In addition to this, two 
samples from boreholes from each side, a total of four water samples were taken and 
analyzed in 2011, representing the geothermal wells located in the area. Crust samples and 
water samples were collected during summer and spring time respectively. Crust samples 
from well No. 7 were taken between depths of 34m to 36m. The water samples were included 
in modeling the well chemistry with the chemistry model “PHREEQC 2”. 
4.2. Ion chromatography 
Ion chromatography is used in water chemistry to separate and analyze the constituent in the 
given sample.  Cations and anions such as sulphate, nitrate, phosphate, fluoride, chloride, 
bromide , sodium, potassium, magnesium and calcium in water sample is detected by using 
liquid chromatography based on their charge and retardation.  Ion chromatography is used in 
this work to determine major anions and cations in the four water samples.  The ion 
chromatography instruments DIONEX IC 1000 and DIONEX IC 2000 were used for cations 
and anions respectively.  
The amount of major anions and cations are differentiated by pumping the sample through 
and exchanging column. The ions are eluted by a suitable eluent  .When water sample 
continuously passes through the exchange column, the ions become absorbed and separated 
at different rate.  
 
In fact, the time required for samples to pass through column is depending on pumping speed 
and eluent composition. The major ion constituents for four samples, two from the warm side 
and two from cold side, were identified.  
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Figure 4. 1:  Ion chromatography system ( Annick and  Francis, 2000). 
 
4.3. Alkalinity and pH measurement 
Alkalinity 
Alkalinity in given water samples measures the amount of dissociated weak acid equivalents. 
In most ground water samples, alkalinity is represented by the carbonate alkalinity and it’s 
commonly expressed as; 
Acarbonate = [HCO3
-
] + 2[CO3
-
]   
 Sample analyses show that pH is less than 8.3 for all of the samples. When pH is less than 
8.3, the contribution of carbonate is in significant (Appelo and Postma, 2005). Therefore, the 
amounts of alkalinity measured represent the concentration of bicarbonate in the sample. The 
amount of alkalinity was measured by 702SM Titrino. 
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pH  
pH is the most common parameter in water samples to measure the acidic or basic level in a 
given solution. It actually gives the concentration of (H
+
). pH has a great impact on the 
oxidation rate of minerals. pH concentrations were measured in the  laboratory by Metrohm 
pH-electrode with 3M KCl. 
4.4 Geochemical modelling  
Modelling is a tool that helps to understand the various conditions take place in a given 
environment. Geochemical modeling is used to study the relationship between chemical, 
physical and biological processes occurring in a given environment. An acknowledged 
numerical Software packages used for geochemical modelling is PHREEQC. The programme 
is widely used in geochemical modeling as at tools and has been developed in 1995.              
It has been used to simulate chemical reactions and transport processes in polluted and 
natural environments.  
The computer code is based on equilibrium chemistry of an aqueous solution, and interaction 
with minerals, gases, solid solutions, exchanges and sorption surfaces (Parkhurst and Appelo, 
1999). It has a capacity to model kinetic reaction up on the given of rate equation based on 
user specified basic statements. 
PHREEQC is based on the FORTRAN program PHREEQE (Parkhurst, 1995) where 
PHREEQE is used to simulate different geochemical relation for a given system.          
 These comprise; 
 Mixing of water 
 Addition of net irreversible reaction in to solution  
 Effects of changing temperature and  
 Dissolving and precipitating phases, to achieve equilibrium with aqueous phases. 
PHREEQC version 1 is a new program which is written in C programming and it has the 
capacity to implement all simulation that can be done in PHREEQE.  
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In addition to this, PHREEQC has some additional programmes which are not available in 
PHREEQE and these include; 
♦    Ion exchange equlibria 
♦    Fixed pressure gas phase equilibria  
♦   Advective transport, and  
♦   Surface complexation equilibria 
PHREEQC Version 2 is a modification of version 1 .Version 2 has newly added functions 
which include; 
●   Fixed –volume gas-phase equilibria 
●   Kinetically controlled reactions  
●   Solid –Solution equilibria  
●    Diffusion or dispersion in 1D transport, 
●   1D transport coupled with diffusion into stagnant zones 
●   Isotope mole balance in inverse modelling, and  
● Variation of the number of exchange or surface sites in proportion to a mineral or kinetic    
reactant 
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5. RESULTS AND DISCUSSION  
5.1. Ion concentration in water samples 
 The major ion concentrations, cations and anions, were checked the accuracy of analysis. In 
principle, the sum of positive and negative charge in the water should be equal. In order to 
check electro neutrality of the samples, electrical balance of the major ions is estimated by 
(Appelo and Postma, 2005 ); 
                      
                      
                     
  .100%        Eq ..................5.1 
 
Where electrical balance (E.B) in percent is determined by and cations and anions expressed 
in meq/l. 
The sum of the cations used  in the calculation includes  Na
+
 ,Ca
2+ 
, K
+
 ,Mg
+ 
 ,Fe
+
, Mn
+  
and
 
 
NH4
+
, and anions Cl
-
, F
-
, Br
-
, NO3
-
 , SO4 
2-
 and HCO3
-
.  Analyses indicate different ions vary 
from one area to another. The electrical balance of the samples ranges in between   -0.8% and 
-3.5%, which represents fairly good analysis.  
Concentrations of major ions are presented in table 5.1.  
Table 5. 1: Result from major ion concentrations of water samples taken in energy wells at 
Gardermoen.    K7 and K8 are cold wells, while V14 and V16 are warm. 
Well 
No Concentration in mmol/kg 
 Na
+
 K
+
 Ca
++
 Mg
++
 Fe
++
 Mn
++
 Cl
-
 SO4
2-
 HCO3
-
 NO3
-
 F
-
 
K7 0.17 0.04 3.37 0.38 7.16E-04 0.01 0.05 0.95 5.61 0.01 0.01 
K8 0.17 0.04 3.2 0.37 7.16E-04 0.01 0.05 0.82 5.44 0.01 0.01 
V14 0.17 0.04 2.93 0.37 1.07E-03 2.90E-03 0.05 0.94 4.98 4.03E-03 0.01 
V16 0.16 0.04 2.93 0.31 1.07E-03 0.01 0.05 0.76 5.05 0 0.01 
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Analysis results indicate relatively significant difference between the ions. Calcium (Ca
++
) 
and bicarbonate (HCO3
-
) have relatively high concentrations in all water samples (table 5.1). 
The ground water is dominated by calcium and bicarbonate, as typical for most ground water 
at Gardermoen (Jørgensen et al., 1991). In contrary, for all samples, Fe
++
, K
+
, Na
+
, Mn
++
, Cl
-
 
and F
-
 have been found in small amounts. On the other hand NO3
-
 is observed in all water 
samples except in well V16.  
 The presence of high concentration of calcium (Ca
++
) and bicarbonate (HCO3
-
) in the 
samples indicates that calcite mass precipitate in the wells. On the other hand the elevated 
amount of Ca
++
 and HCO3
- 
indicates that there is calcite dissolution in the aquifer.    
Jørgensen et al. (1991) also mentioned that calcite dissolution is one of the chemical process 
takes place in the aquifer of Gardermoen. The elevated concentration of sulphate is also 
shows that there is chemical process which results with sulphate production. Basberg et al. 
(1998) describe that sulphate concentration suggest that pyrite oxidation the strongest 
chemical process in Gardermoen. 
 
Figure 5. 1:  Cation and anion concentration present in water samples from Gardermoen. 
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5.2.   Chemical composition of samples on Piper diagram 
The Piper diagram below is used to display the bulk chemical composition of the ground 
water samples of four different wells since it can show the water type based on chemical 
composition present in the samples.  As graphically displayed (fig 5.2), the samples are over 
lapped both in cations and anions composition. This shows that all samples have nearly the 
same chemical composition.  
From the cations side the plots are shifted to the left side corner due to the high concentration 
in calcium (Ca
++
) and the anions side also shifted to left, which indicate high concentration in 
bicarbonate (HCO3
-
). This confirms that the type of water present in Gardermoen is Ca-HCO3 
type. The diagram also shows that small amount of chloride and sulphate is present in the 
water.   
Previous studies (Jørgensen et al 1991, Basberg, 1998 and Sundal, 2006) also indicated that 
the groundwater type present in Gardermoen area is Ca-HCO3 type, which agrees well with 
the analyses included in this thesis. 
 
 
Figure 5. 2:  Balk chemical composition of water sample on piper diagram. 
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5.3. Composition of the crust and soil samples 
The crust samples from well K7 and soil samples were analyzed in 2009, hence the data used 
to compare the composition variation between the soil and crust samples. Table 5.2 shows the 
relative concentration of ions while table 5.3 gives concentrations for total organic and 
inorganic carbon content.  
Table 5. 2: Chemical composition of soil near K7 and crust sample inside well K7 
Sample Depth (m) 
 Gram of  
sample 
Acid extractable 
In ppm 
Mg Ca  Mn  Fe 
Soil   near  k7  9-10 5.0789 2146 689 238 8703 
Soil   near K7 25-26 5.0018 3279 10396 354 10196 
Soil   near k7 38-39 5.0140 2633 5185 225 8396 
Crust on pump 1 34-35 5.0236 245 12939 384 99928 
Crust on pump 2 34-35 5.0385 270 12702 381 96854 
Crust on pump 3 34-35 5.0326 302 13114 395 97763 
Crust on screen  ≈34.5m 5.0613 373 13435 381 94640 
 
From table 5.2 is can be seen that the soil samples from shallow to deeper levels, have rather 
similar extractable values of magnesium, manganese and iron, while calcium is very low at 
shallow depth. This reflects most probably that the sediments have been decalcified at least to 
10m depth. 
Comparing the soil sample values with those acid extractable from crust samples, clearly 
shows that the crust samples are extremely enriched in iron, moderately enriched in calcium 
and manganese, but with a very low content of magnesium.  
The elevated concentration of iron and calcium in the crust samples indicates the presence of 
minerals such as calcite (CaCO3), aragonite (CaCO3), ferric hydroxide (Fe (OH)3), goethite 
(FeOOH) etc.  This is an indication of the precipitation processes which take place in the well 
screen. 
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Table 5. 3: The percentage composition of TIC and TOC  
Sample Depth (m) TOC% TIC % TC%   CaCO3  % 
Soil   near  k7  9-10 0.07 0 0.07 0 
Soil   near K7 25-26 0.17 0.59 0.76 4.93 
Soil   near k7 38-39 0.21 0.29 0.49 2.4 
Crust on pump 1 34-35 0.31 0.62 0.93 5.16 
Crust on pump 2 34-35 0.32 0.6 0.92 5 
Crust on pump 3 34-35 0.34 0.56 0.9 4.66 
Crust on screen ≈34.5m 0.74 0.56 1.3 4.66 
 
 As shown in table 5.3, soil sample at 9.5m depths indicates that there is no inorganic carbon 
while a small amount of total organic carbon is present. The percentage of organic and 
inorganic content in the soil sample is greater at depth relative to shallow elevation.  The 
crust samples have similar inorganic carbon content as the deeper soil samples. The absence 
of inorganic content at shallow depth indicates that it is shallow decalcified zone where 
calcite is not found. However, there is an increasing in organic carbon in the crust samples 
compared with the soil samples. The increased content of organic carbon in the crust sample 
might be due to microbial activity.  The inorganic carbon in the crust sample implies the 
precipitation of carbonate minerals such as calcite (CaCO3) and aragonite (CaCO3) takes 
place in the formation of crust. 
 
5.4. Precipitation of iron contain minerals in wells at Gardermoen 
The upper part of the Gardermoen aquifer contains dissolved oxygen zone, while at depth all 
dissolved oxygen is consumed due to processes like oxidation of pyrite and dissolved organic 
matter (DOM). The upper part where dissolved oxygen is present termed as the oxic zone 
with the anoxic zone below (Basberg et al., 1998). 
Ferrous iron (Fe
++
) released from pyrite oxidation thus will be mobile in the anoxic zone, but 
will be oxidized and precipitated as ferric oxide/hydroxide in the oxic zone. 
During pumping, ferrous iron (Fe
++
) which is found in the reduced environment is mobilised 
towards the wells. On the other hand, the drawdown which induces a cone of depression 
supplies oxygenated water in to the wells. The mixing of incompatible water inside the well 
facilitates the oxidation of ferrous iron (Fe
++
).  
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As a result, insoluble minerals such as goethite (FeOOH) and ferric hydroxide (Fe (OH)3) are 
precipitated in the screen section of the wells (Fig 5.3). The chemical reaction can be 
represented by: 
FeS2 + 7/2O2 + H2O → Fe
++
 +2SO4
2-
 + 2H
+
                    Ferrous Iron (Fe
++
) is produced from 
Pyrite oxidation in the formation.                                         
Fe
++
 + 1/4O2 + H
+→ Fe3+ + 1/2H2O                                                                               
Fe
3+
 +3H2O →Fe (OH) 3 + 3H
+
         
 
 
Figure 5. 3: Sketch of chemical processes near well and inside well at Gardermoen. 
5.5   Precipitation of calcite in wells at Gardermoen  
Previous study indicates that calcite is depleted in unsaturated zone and the in the upper part 
of the saturated zone this is the decalcified zone. The aquifer becomes saturated with calcite 
below the calcite dissolution front is situated (Jørgensen et al., 1991; Basberg et al., 1998), 
and give rise to the Ca-HCO3 character of the deeper ground water. 
 Calcite formation equation can be represented by: 
Ca
++
 + 2HCO3
-
 +  CaCO3+ H2O + CO2 
During pumping activity, the groundwater flow in to the direction of wells and CO2 is 
released which results with calcite precipitation due to the pressure drop occur in the screen 
section of the wells (see fig 5.4). 
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Figure 5. 4 :  Sketch of calcite precipitation in wells at Gardermoen. 
5.6  pH  
pH value plays a major role in determining the saturation state of minerals. For the water 
samples, pH is measured in the field as well in the laboratory. The result indicates that the pH 
value measured in field is slightly lower than that measured in the laboratory except K8. The 
difference might be due to the interaction of water samples with the atmosphere. The water 
sample might react with oxygen and some ions which present in the sample can be oxidized 
which in turn affect the pH value. There may be instrument errors too. 
 The pH value measured both in the field and laboratory was used to calculate the SI of 
minerals, to see the sensitivity of pH on changing the values of SI for minerals. The measured 
values are indicated below table (Table 5.4). 
Table 5. 4: Measured value of pH in the field and lab. 
 
 
 
 
well no.  pH measured in 
laboratory 
pH measured in  
field 
K7 7.85 7.35 
k8 7.63 7.65 
v14 7.88 7.27 
v16 7.61 7.31 
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5.7  Temperature 
The temperature of ground water is expected to be fairly constant throughout the year. 
However, the measured values from wells indicate that there is variance in temperature. The 
change in temperature is due to the circulation of water inside the system. In case of 
geothermal energy wells at Gardermoen, during winter, water is pumped from warm wells to 
extract heat and the water releases heat when it passes through the system; as a result the 
temperature of water drops and cold water is injected in to a well. During summer, water 
from a cold well is pumped and as it cools the system, the water temperature rises. Finally, 
the warm water is injected in to warm well.  It is the cooling and heating system that induces 
variation in measured ground water temperatures. However, Sundal (2006) indicated that the 
average ground water temperature of Gardermoen aquifer is 8 
0
C.  
 The maximum temperatures injected are approximately 4 
0
C to cold wells and 30 
0
C to warm 
wells. The table 5.5 below shows the measured temperatures from cold and warm wells.  The 
temperatures were measured at end of March 2011. 
Table 5. 5: Measured values of temperature. 
well no. T  in 0C 
K7 5.8 
k8 4.35 
v14 15.62 
v16 16.25 
 
 
 Figure 5. 5:  Temperature and pH (measured in lab) from well K7,K8, V14 & V16. 
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0C 
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5.8  Results from Geochemical modeling 
Calculation of saturation state for minerals is a good way to describe the mineral situation in 
quantitative way (Houben and Treskatis, 2007). Therefore, in the first part, the potential that 
different minerals can precipitate in the well is analyzed via saturation Index (SI). As earlier 
mentioned in chapter 3, SI indicates phase conditions for potential supersaturation, 
equilibrium and undersaturation. These conditions are expressed by the SI value.  
 The data base used to perform calculations was compiled by Lawrence Livermore National 
Laboratory (LLNL). Results obtained from calculations of SI using PHREEQC 2 for minerals 
are presented in tables 5.6 and 5.7, and figures 5.6 and 5.7. The calculations are performed 
with the pH values measured in the field and laboratory, keeping the ions concentration 
constant. 
Table 5. 6: Results of saturation index calculations for K7, K8, V14 and V16 using pH values 
measured in lab. 
 
 
 
Phase 
Sample 
K7 K8 V14 V16 
SI SI SI SI 
 
Aragonite (CaCO3) 
0.55 0.26 0.64 0.39 
 
Calcite (CaCO3) 
0.7 0.41 0.79 0.53 
 
Dolomite (CaMg(CO3)2) 
1.52 0.95 1.8 1.22 
 
Dolomite-ord (CaMg(CO3)2) 
1.53 0.96 1.81 1.23 
 
Rhodochrosite  (MnCO3) 
0.14 -0.07 -0.27 0.06 
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Figure 5. 6: Carbonate minerals as function of Saturation index calculated using pH values 
from lab measurement. 
Table 5.7 indicates that the SI results with pH values measured in field have that the lower 
values for all carbonate minerals in all wells except K8, compared to the SI calculated using 
pH  Values measured in laboratory (Table 5.6). The pH values measured in the laboratory for 
K7, V14 and V16 are 0.5, 0.61 and 0.3 greater than the pH value measured in the field 
respectively. But in the case of K8, the field value is 0.02 higher than the laboratory value. 
The pH variation resulted with significant difference on SI of carbonate minerals for all wells 
except well K8.  Graphical representation can clearly indicate the variation in SI values 
(fig.5.7). 
Table 5. 7: Results of saturation index calculations for K7, K8, V14 and V16 using pH values 
measured in field. 
 
 
 
Phase 
     Samples from production wells 
K7 K8 V14 V16 
SI SI SI SI 
 
Aragonite (CaCO3) 
0.02 0.29 0 0.07 
 
Calcite (CaCO3) 
0.17 0.43 0.15 0.22 
 
Dolomite (CaMg(CO3)2) 
0.47 0.99 0.53 0.59 
 
Dolomite-ord (CaMg(CO3)2) 
0.47 1 0.54 0.60 
 
Rhodochrosite  (MnCO3) 
-0.31 -0.05 -0.82 -0.22 
-2 
-1 
0 
1 
2 
A
ra
(C
aC
O
3
) 
C
al
 (
C
aC
O
3
) 
D
o
l (
C
aM
g(
C
O
3
)2
 
D
o
l-
o
rd
(C
aM
g(
C
O
3
)2
 
R
o
h
 (
M
n
C
O
3
) S
I 
Saturation index (SI) of minerals  
K7 K8 V14 V16 
 44 
 
 
 
Figure 5. 7: Carbonate minerals as function of Saturation index calculated using pH values 
from lab measurement. 
The variation of (SI) for above minerals in figure 5.6 and 5.7 is observed with change in pH 
value. The SI values for calcite, aragonite, dolomite, dolomite-ord are greater than  zero in 
both cases, but the  rhodochrosite mineral show  negative SI values in well K8 and V14 in the 
first case of relatively high pH values while it become negative for all wells when the input 
value of  pH decrease as indicated in (fig 5.7) . The SI for dolomite and dolomite-ord are 
relatively high for all wells in both cases. This indicates that increasing of pH value increases 
the SI at certain level. Basberg et.al (1998) also mentioned that the SI of carbonate minerals 
is highly dependent on pH value. In this model, small difference in pH also resulted with 
significant variation of SI. This confirms that the SI for minerals is highly dependent on pH 
values. The solubility of minerals decreases as the pH increases, which forced minerals to be 
precipitated rather than staying in under saturated state (Houben and Treskatis, 2007).          
 All minerals, except rhodochrocite are identified having SI value greater than zero for all 
wells. This implies that the minerals identified have a potential to be precipitated under the 
given pH values while rhodochrocite needed high pH value to precipitate compared to the 
other minerals with the given concentration. However, only calcite and aragonite is found in 
the crust sample    
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5.9  Effect of Temperature  
In addition to pH results, the temperature effect on calculation was also observed by only 
varying temperature, keeping pH and concentration constant. The SI of carbonate minerals 
are became elevated with increasing temperature. The results indicated an increase of SI 
values in all supersaturated minerals and it also raised the value of under saturated minerals. 
Even though, there are differences in values of SI, the sensitivity of temperature is not as 
apparent as the pH resulted on saturation index value. Houben and Treskatis (2007) described 
that the gas solubility decreases with increasing temperature which in turn releases CO2.  The 
solubility of carbonate in water strongly depends on the amount of dissolved CO2 present. As 
the amount of dissolved CO2 decreases, the solubility of carbonate minerals decreases and 
resulted with more precipitation in the well .The calculation result for carbonate minerals also 
confirms that an increasing temperature elevated the SI value of all minerals. 
 
5.10 Result of water samples from production and 
observation wells 
Water samples from observation and production wells were also analyzed to see if there were 
any chemical reaction differences with the water samples taken from production well. There 
are two observation wells for well (K7). The shallow observation wells i.e, G7 with 18m 
depth located at 4m distance from K7. There is also observation well (Pb7) in the gravel pack 
of K7.   In total, 2 water samples from observation wells and 1 from production well are 
presented here to compare if there is chemical reaction variation between these wells. All the 
sample data used for this evaluation were analyzed at the Eurofins laboratory. The anion and 
cation concentration presented in production and observation wells show that there is some 
variation between the wells. Water samples from observation wells especially G7, is expected 
to represent formation water before pumping and injection activity takes place in the 
production well. The sketch of well K7 with observation wells is given as indicated in figure 
5.8 below. 
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Figure 5. 8: Sketch of observation wells (G7& Pb7) and production well (K7). 
 
5.11 Ferrous iron (Fe++) composition variation in observations 
and production wells 
Concentration of ferrous iron (Fe
++
) shown in figure 5.9 indicate that there is significant 
variation in concentration among these wells. The concentration of ferrous iron (Fe
++
) found 
in observation wells G7 and G8 is very high in comparison with K7 and K8.  The elevated 
concentration in observation wells has declined when it reaches the production wells.  The 
concentration in observation shallow wells (G) are higher than observation well in the gravel 
pack (Pb) and the wells in gravel pack (Pb) are higher than the production wells (G>Pb>K). 
However, Pb and K wells have nearly the same concentration.  
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The small ferrous iron (Fe
++
) concentration found in water sample from production well is an 
indication of extensive chemical reaction which consumes (Fe
++
) compare to observation 
wells.    
 
Figure 5. 9: Ferrous iron concentration in production and observation wells at K7 and K8. 
Both Pb and K wells are located aside each other while the G wells are located 4m distance 
from their respective K-wells.  
The variation of ions concentration among the observation (G) and production wells (K) 
implies that there is a difference in chemical process in between these wells. PHREEQC 2 
with data base of Lawrence Livermore National Laboratory (LLNL) is used to observe the 
chemical process variation exists between observation and production wells. 
 
Table 5. 8: Saturation index (SI) values for production and observation wells from No.7 
   
 
 
Phase 
Sample 
G7 Pb7 K7 
                      
SI 
              
SI 
                        
                   SI 
Aragonite (CaCO3)           0.29 0.51 0.49 
Calcite (CaCO3) 0.44 0.65 0.64 
Dolomite (CaMg(CO3)2) 1.00 1.42 1.38 
Dolomite-ord (CaMg(CO3)2) 1.01 1.43 1.38 
Rhodochrocite (MnCO3) -0.11 0.14 0.12 
Siderite (FeCO3) 0.52 -0.78 -0.85 
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Figure 5. 10:  Saturation index (SI) of mineral phases for Pb7, G7 and K7. 
Pb7- Observation well in gravel pack with filter 29-30m below surface 
G7- 18m Observation well at distance of 4m from production well K7 
K7-45m deep production well 
 
The output of mineral phases calculated for observation and production well 7 indicated that 
there is variation in chemical process which take place in these wells (see fig 5.10).  
The mineral phases precipitated in K7 and Pb7 are nearly the same while G7 is different from 
both Pb7and K7. For both Pb7 and K7, the phases which have positive values of SI are 
aragonite, calcite, dolomite, dolomite-ord and rhodochrosite while siderite values indicate 
negative values of SI. On the other hand, G7 resulted with positive SI values for aragonite, 
calcite, dolomite, dolomite-ord and siderite but rhodochrosite resulted with negative value of 
SI.               
To understand the cause of these chemical reaction variations, acknowledging the physical 
effects of pumping and injecting water in production well is very important. As mentioned in 
chapter three, the chemical equilibrium of the minerals is disturbed during pumping and 
injecting activities. Larroque and Franceschi, (2010) mentioned that pumping activity induce 
modification of physical and chemical equilibrium within the aquifer near to wells.  
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The result obtained confirms that there is a variation in chemical reaction between 
observation well G7 and K7&Pb7 wells due to pumping activity. 
The decreasing of pressure down the aquifer leads to the releasing of carbon dioxide from the 
water and facilitate the precipitation of solid carbonate minerals (Houben and Treskatis 
2007). Furthermore, the increasing of flow velocities induce turbulence in the gravel pack 
and screen slots which allows the degassing by agitating the water. On the other hand, 
according to Henry- Daltons law, solubility is dependent on partial pressure of the dissolving 
gas in gaseous phase (P) and Henry constant of the gas (K). This indicates that with constant 
(K), the solubility increases with increasing pressure up to some equilibrium value. 
Therefore, the releases of gases during the pumping activity decline the solubility of 
compounds meaning that the minerals are forced to be precipitated and calcium carbonate 
(CaCO3) can be considered as best example. 
 
 Figure 5.9, has clearly shown that the iron concentration in the aquifer decreases as the 
formation water approaches the production well. The ferrous iron in Gardermoen aquifer 
which comes from pyrite oxidation is relatively high in reducing conditions since there is no 
oxygen to oxidize it. Since, ferrous iron (Fe
++
) is mobile in reducing conditions it can easily 
reach the production well because of pumping activity and it will mix with oxygenated water 
with in the cone of depression which results in precipitation of ferric hydroxide (Fe(OH)3),  
and goethite (FeOOH).  
The natural ground water table of the well field is about 15m below surface. During pumping, 
drawdown in production wells is often to 34m below surface while it rises to about 5m below 
surface during injection. This implies that there is a high pressure difference between the 
injection and pumping well. 
On the other hand, the operation of energy wells at Gardermoen involves not only pumping 
water but also injecting water in to wells. If so, the question can be raised, concerning the 
impact of chemical reaction with respect to injection of water. In fact, there is no indication 
that the injection contributed to the precipitation of minerals in Gardermoen energy wells 
case. However, Moghadasi et al., 2006) stated that the precipitation of minerals can occur 
during the injection water in to well by changing pressure and temperature, or mixing by two 
incompatible waters.   
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During water injection, pressure in the wells increases with increasing depth. The elevated 
pressure down the water well declines as water commenced to flow through the screen slots 
to formation.  
Agitation of water in the wells allows gases to be released which enhance the precipitation of 
minerals due to decreasing of partial pressure of gases in the water. (Appelo and Postma, 
2005) mentioned that the degassing of CO2 increases the pH of water which causes 
precipitation of CaCO3. 
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6. CONCLUSIONS AND RECOMMENDATIONS 
This thesis was conducted with the objective of identifying chemical processes in well 
screens and surrounding environment which reduce the specific capacity of wells by 
depositing minerals. To study the process of scaling, the composition of formation and well 
water was used in addition to chemical analysis of crust and formation sediments. The 
geochemical code PHREEQC was used to calculate the saturation with respect to carbonate 
minerals. 
The results of geochemical modeling indicate that carbonate minerals such as calcite (CaCO3) 
dolomite (CaMg(CO3)2), dolomite-ord (CaMg(CO3)2), rhodochrosite (MnCO3), siderite 
(FeCO3) may be  responsible minerals for the reduction of specific capacity. However, the 
high percentage of calcium carbonate present in the crust sample indicates that only calcite 
and/or aragonite is precipitated. 
The sharp decrease of ferrous iron (Fe
++
) concentration as formation water approaches the 
wells indicate that iron containing minerals are precipitated in gravel pack and production 
wells. This is further supported by the very high concentrations of iron in the curst samples, 
indicating that iron containing minerals such as goethite (FeOOH), ferric hydroxide and 
Fe(OH)3 precipitated  in the screen environment. 
There is an increase in organic carbon in the crust sample compared to the aquifer, indicating 
that bacteria may play a role in the crust formation. 
The reduction of pressure during water flow through the screen due to pumping activity 
disturb the chemical equilibrium conditions , which in turn allows the release of gases from 
the water phase and leads to mineral deposition in the wells.  Therefore, pumping activity has 
contributed to the precipitation of minerals. In the Gardermoen energy well field, pumping is 
more responsible for scale deposition than injection. 
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It is previously mentioned that the wells are seriously affected by incrustation which is 
responsible for the reduction of specific capacity. Often pumping of the wells is conducted by 
grouped alternating shifts (on and off) to allow abstraction then well recovery. In other 
words, the wells are not capable to address the current demand yield which indirectly reduces 
the amount of energy that can be produced for the airport. Therefore, the issue cannot be 
simply ignored. 
The following recommendations have thus been made: 
 
The combination of chemical and mechanical cleaning process, are highly effective for the 
rehabilitation of water wells. Due to regulations at Gardermoen, use of chemicals for 
rehabilitation processes is not allowed. The past trend shows that mechanical rehabilitation of 
the wells is needed about every four years.  Limiting the period between each mechanical 
treatment to two years will increase the effectiveness of the well rehabilitation. 
To meet the current demand and future use, additional wells should be considered to lower 
pumping rate for each well which could also reduce the drawdown of each well.  
Further study is recommendable to regulate the pressure and to find other alternatives in order 
to minimize the minerals which are precipitating inside the wells. 
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Appendix B3 
PHREEQC  input for production well  k8 with pH measured at lab 
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PHREEQC  Input for production well  k8 with pH measured at field 
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Appendix B5 
PHREEQC  input for production well  v14 with pH measured at lab 
 
 
 
 
 
 
 
 
 
Appendix B6 
PHREEQC  Input for production well  v14 with pH measured at field 
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AppendixB7 
PHREEQC  input for production well  v16 with pH measured at lab 
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PHREEQC  input for production well  v16 with pH measured at field 
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Appendix B9 
PHREEQC  input for Production well  K7  data from  Eurofins 
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PHREEQC  input  for Observation well  Pb7, data from Eurofins 
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Appendix B11 
PHREEQC  input  for Observation well  G7 data from Eurofins 
 
 
 
 
